Thin-film BAW resonators with a Bragg reflector are considered. The BAW resonator consists of the piezoelectric transducer based on aluminum nitride films with thin-film electrodes of aluminum and the Bragg reflector based on four pairs layers of molybdenum and silicon dioxide between which adhesion layers are placed. The analytical study of influence of adhesion layers (titanium, silicon, vanadium) in the Bragg reflector on its acoustic characteristics and electrical characteristics of BAW resonator are presented. The resonator operates at the frequency equal to 4 GHz and has the quality factor is about 370. It is shown that the adhesion layers of vanadium have the greatest effect on the shift of the resonant frequencies of the resonator and the value of the electrical impedance at the frequency of the parallel resonance.
I. INTRODUCTION
Microelectronic thin-film resonators based on bulk acoustic waves (BAW) are widely used for generation and frequency selection of microwave signals in modern communication technique. The frequency range in which these resonators operate is 1 GHz to 20 GHz and higher. One of the promising resonator designs is a resonator with an acoustic Bragg reflector (or Bragg mirror) which is called the solidly mounted resonator (SMR) [1] . The small dimensions of the SMRs and their good temperature stability allow one to use the resonators in microsystems engineering together with various integrated circuits and functional devices. The SMR is multilayer structure consisting of a substrate and a thin-film piezoelectric transducer separated by an acoustic Bragg reflector. The piezoelectric transducer includes a piezoelectric film and two electrodes located on both side of it. The Bragg reflector performs the function of the acoustic insulator of the transducer from effects of the substrate and consists of the some pairs layers made of materials with different values of acoustic impedance [2] [3] [4] [5] . A thickness of each layer of Bragg reflector is equal to a quarter of the length of the longitudinal acoustic wave passing though this layer. The number of reflector layers is determined by the acoustic properties of materials and required acoustic insulation characteristics.
Preliminary results of analytical studies have shown that films of molybdenum and silicon dioxide can be used as layers of the Bragg reflector. The ratio of the acoustic impedances for these materials is 6.5. For the design of the solidly mounted resonator with the piezoelectric film based on aluminum nitride and the aluminum electrodes it is worthwhile to use the Bragg reflector including 4 pairs of layers of molybdenum and silicon dioxide films. It should be noted that in the manufacturing process of such reflectors there are technological problems associated with the delamination of the films from each other which leads to the failure of the resonators [6] . To solve this problem it is proposed to use additional adhesion layers in the Bragg reflector between the molybdenum and silicon dioxide films.
II. THE PROBLEM
Thin-film BAW resonators have a multilayer structure. When creating such a multilayer structure of resonator it is necessary to take into account the mechanical properties of the films (adhesion, mechanical stresses and surface roughness of the films) of which it consists as well as use available methods that improve the quality and adhesion between the thin-film layers. Thus, the issue of the effect of adhesion layers on the characteristics of thin-film BAW resonators is relevant and requires additional consideration.
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5 Nov-7 Nov 2019 In this connection, the aim of the work is to conduct analytical studies of the effect of adhesion layers in a Bragg reflector on its acoustic characteristics and electrical characteristics of a thin-film BAW resonator.
III. THE METHOD OF ANALYSES OF THE CHARACTERICTICS OF THE BRAGG REFLECTOR AND THIN-FILM BAW RESONATOR
Analytical studies were conducted to investigate the effect of adhesion layers in the Bragg reflector on its acoustic characteristics and electrical characteristics of the BAW resonator. Fig.1 shows the structure of the BAW resonator with the Bragg reflector. As the adhesion layers the films of vanadium, silicon, and titanium were chosen. As one can show on Fig. 1 , the adhesion layers are located on both surfaces of the silicon dioxide films. The thickness of the adhesion layers was assumed to be equal to 20...30 nm. Since the thickness of each layer in a Bragg reflector must be equal to a quarter of the length of the acoustic wave passing through the layer material, the thickness of the silicon dioxide films have be calculated with taking into account the thickness of the adhesion layers. Table 1 are shown main parameters of the films used in the design of the resonator. An important characteristic of the Bragg reflector is the value of its input acoustic impedance, which is determined by the expression [7] :
where
is the propagation constant of a longitudinal acoustic wave; f is the frequency; v is the propagation velocity of a longitudinal acoustic wave in the layer material; h c is the layer thickness; Z c is the acoustic impedance of the layer; Z 1 is the acoustic impedance of a structure including a substrate and intermediate layers.
To evaluate the performance of Bragg reflector structure under consideration, the reflection coefficients (R) and transmittance (T) were analytically calculated using the following expressions [9] ref p
where Z p is the acoustic impedance of the piezoelectric layer (in our case, AlN films).
The Bragg reflector is considered as effective when its reflection coefficient of the acoustic power exceeds 99.95%.
The frequency dependences of the input electric impedance (Z in ) and conductivity (Y) of the BAW resonator for different adhesion layers were calculated using the Mason model according to the formula [ 
where 2 t k is the electromechanical coupling coefficient; C 0 is the static capacitance of the piezoelectric transducer; 
is input acoustic impedance of the Bragg reflector; h el is electrode thickness; v el is the acoustic wave propagation velocity in the electrode material. The quality of the resonators is estimated by the quality factor at the frequency of the series resonance (Q). It can be determined by using the curve of active conductivity (G). In this case quality factor is equal to ratio of the series resonance frequency to the frequency band between the points, where G = G max / 2 [1] .
IV. THE RESULTS AND THEIR DISCUSSION
This article discusses the design of a thin-film BAW resonator with a Bragg reflector based on 4 pairs of layers of molybdenum and silicon dioxide films. A feature of this 2019 IEEE Dynamics of Systems, Mechanisms and Maсhines (Dynamics) (Omsk, Russia) 5 Nov-7 Nov 2019 resonator structure is the presence of adhesion layers whose acoustic impedance differs from the acoustic impedance of molybdenum and silicon dioxide films. The presence of such layers in the structure affects the parameters of the Bragg reflector and the BAW resonator. The films made of aluminum nitride and thin-film aluminum electrodes were selected as a piezoelectric transducer. The resonators are located on a quartz substrate. Analytical studies were carried out for the resonators having a series resonance frequency of 4 GHz. Table 2 are presented the results of studies on the effect of adhesion layers on the acoustic characteristics of the Bragg reflector. It is shows that the reflection coefficient R max has a value of more than 99.99%, and therefore, this means that the Bragg reflector works efficiently. The presence of adhesion layers practically does not affect the transmittance of the Bragg reflector. However, the working frequency (f 0 ) for the Bragg reflectors with adhesion films of vanadium, titanium and silicon shifts downward by 8.3%, 4.8% and 1.5%, respectively. Such an effect of the adhesion layers on the characteristics of the Bragg reflector can be explained by the difference in the acoustic impedances of the materials, and, consequently, by the different acoustic load when calculating the input acoustic impedance of the multilayer structure.
The electrical characteristics of the thin-film BAW resonator based on a Bragg reflector containing adhesion layers have been analytically studied. Table 3 presents the electrical parameters of the resonators. Fig. 2 and Fig. 3 shows the frequency dependences of the input electric impedance modulus (| Z in |) and the active conductivity (G) of the thinfilm BAW SMR. Based on the results it can be seen that when using adhesion layers in the reflector, the frequencies of the series (f s ) and parallel (f p ) resonances of the resonator shift to the low-frequency region for vanadium layers by 4.3%, titanium layers -2.4%, and silicon layers -0.7%, respectively. The values of the electrical impedance (Z p ) at the frequency of the parallel resonance of the resonator also decrease. The greatest influence on the shift of resonant frequencies is exerted by vanadium layers. The presence of adhesion layers does not affect the maximum value of the active conductivity (G max ) of the resonator since these layers are not included in the structure of the piezoelectric transducer and do not participate in the electrical conductivity of the resonator. Note that the adhesion layers slightly affect the resonance bandwidth of the resonator (Δf) and its quality factor (Q). Thus, we can
2019 IEEE Dynamics of Systems, Mechanisms and Maсhines (Dynamics) (Omsk, Russia) 5 Nov-7 Nov 2019 conclude that in the manufacture of a thin-film BAW resonator with a Bragg reflector containing adhesion layers, it is necessary to take into account the frequency shift of its series and parallel resonances.
V. CONCLUSION
In this work the thin-film BAW resonators with a Bragg reflector were considered. Analytical studies of the effect of adhesion layers in the Bragg reflector on its acoustic characteristics and electrical characteristics of the resonator were carried out. The frequency of the series resonance of BAW resonators was 4 GHz, and the quality factor was about 370. The studies have shown that the presence of adhesion layers in the structure of the Bragg reflector leads to a shift in the working frequency of the Bragg reflector, the frequencies of series and parallel resonances in the low frequency region. The greatest frequency shift equal to 4.3% is characterized for vanadium adhesion layers. When using adhesion layers, the electrical impedance values increase at the parallel resonance frequency.
The results will be useful to researchers, engineers and developers of miniature microwave generators and bandpass filters based on thin-film BAW resonators.
